A process for the precipitation of trivalent arsenic sulphide in sulphate-reducing condition at low pH would be very attractive due to the high arsenic content (60%) in the final precipitate. A bacterial consortium able to reduce sulphate at pH 4.5 served to inoculate column bioreactors that were continuously fed with As(V) or As(III), glycerol and/or hydrogen, at pH values between 2 and 5. The diversity, functionality and evolution of the consortium colonizing the bioreactors were characterized by means of biomolecular tools, in relation with operating parameters (pH, As, sulphide, acetate). The highest As removal rate obtained during these experiments was close to 3 mg.l -1 .h -1 using As(V) as the initial arsenic form, while precipitation rates were improved using As(III). When glycerol was replaced by hydrogen in a bioreactor containing a mature biofilm, sulphate-reducing activity increased roughly. Organisms related to Desulfosporosinus were the only sulphate-reducing bacterium (SRB) detected in the bioreactor. arrA genes, involved in As(V) dissimilatory reduction, were also detected and suggested that As(V) was reduced by a Desulfosporosinus-like organism. Molecular fingerprints evidenced an evolution of the bacterial population structure according to changes in operating conditions.
Introduction
Arsenic (As) is very often associated to precious metals (gold, silver) in refractory sulphide ores that are submitted to bioleaching [1] . A typical bioleach liquor from gold ore treatment, at pH close to 1, contains 13 g l -1 As and 25 g l -1 Fe. In most cases the treatment of such effluents consists of lime neutralization. This method is simple but produces voluminous quantities of hazardous waste that have no value. A bio-process using SRB for the selective precipitation of arsenic as trivalent arsenic sulphide would be very attractive, because the final solid waste would contain up to 60% As in weight. Recent work showed that sulphate-reducing processes may be efficient in acidophilic conditions, using the appropriate substrate and operating conditions [2] . The present paper describes the development and the monitoring of a biological system for the precipitation of arsenic sulphide at small bioreactor scale.
Material and Methods
Bioreactors. The bioreactors consisted in glass columns whose working volume was 300 ml, filled with 2-5 mm pozzolana pieces. The first column was inoculated with a selected population enriched from acidic sediments sampled from a mining site, able to reduce sulphate at pH 4.5 and the second with the bacterial population of the first column. One of the columns was equipped with 5 sampling ports at different levels from the bottom to the top. The columns were up-flow fed with solutions containing 100 mg.l -1 of As(V) or As(III), mineral salts (K 2 HPO 4 , 0.5 g.l -1 ; NH 4 Cl, 2 g.l -1 ; Na 2 SO 4 , 1.4 g.l -1 ; MgSO 4 , 7 H 2 O, 2 g.l -1 ; trace elements solution [3] , 1 ml. and yeast extract (0.5-0.75 g.l -1 ). Media used in this experiment were sterilised by autoclaving (120°C, 30 min) and deoxygenated by sterile N 2 bubbling. Glycerol (0.5-1.5 g.l -1 ), then hydrogen (24 or 6 ml.h -1 ) was provided as energy source.
Monitoring. The following parameters were daily followed in the feeding and outlet solutions: pH, redox potential, total As, As(V) [4] and sulphate concentration. Liquid samples were punctually taken for molecular characterization of the bacterial community (CE-SSCP fingerprints [5] , 16S rRNA, dsrAB, and arrA genes sequencing [6, 7] . Profiles along the C2 column equipped with sampling ports were obtained for bacterial community structure.
Results and discussion
First bioreactor. The first bioreactor was always fed with glycerol. The influence of feed pH and As form was studied during this experiment. When the feed pH was 4.5, As removal into the column was incomplete. When As(III) replaced As(V) in the feed, total As concentration in the outlet did not increase, but rather decreased. This result indicated that 100 mg.l -1 of As(III) was not inhibitory, and suggested that As(V) reduction was a limiting step in the global As removal process. Then, the pH of the feed solution was decreased from 4.4 to 2. This change had a positive effect on As removal efficiency. The outlet As concentration remained constant between 0 and 1 mg.l -1 as long as the residence time value was not lower than 48 h. The good As removal efficiency was maintained in these conditions during 35 days. After this period, As concentration increased in the outlet. It seems that the system was not in perfect steady state. As a fact, the outlet pH progressively decreased from 7.5 to 2.8, and a yellow coloured precipitate filled the column from the bottom to the top. When it reached the top, some As appeared in the outlet. From a chemical point of view, the lowest pH could be applied, the highest As 2 S 3 formation rate should be obtained. As a fact, the As removal was very efficient when the feed solution at pH 2 was used, however this pH did not allow to maintain the bacterial activity in a steady-state. The most probable scenario is the following: the bacteria were active into zones of higher pH, and the H 2 S diffused from these zones to the lower pH sectors where precipitation occurred. When the feed pH was 2.8, no evolution of the outlet pH was observed, however the As removal was clearly less efficient than at pH 2.0. An optimal feed pH should be searched between 2.8 and 2.0. Analysis of the yellow precipitate confirmed that it was composed of amorphous As 2 S 3 . Results from the biomolecular population monitoring showed the presence of a sulphatereducing organism, corresponding to a Desulfosporosinus sp. identified by 16S rRNA gene sequencing. CE-SSCP profiles showed that this organism was almost always in the group of dominant bacteria in the population during the course of the experiment. Only when the feed pH was decreased to 2, the Desulfosporosinus peak sharply decreased in the CE-SSCP profiles corresponding to the bottom of the bioreactor, near the feed. However this organism was still
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Biohydrometallurgy 2009 dominant at the top of the column at that time. The Desulfosporosinus sp. was a member of the complex bacterial community that developed in the column. This population included Bacillus sp. strains and still unidentified organisms, however all sequences of dsrAB genes were related to Desulfosporosinus, suggesting that all SRB present in the bioreactor belonged to this genus.
Second bioreactor. The second bioreactor was first fed with glycerol, then with hydrogen. This column was always fed with As(V). With glycerol, the feed pH was maintained at 4.5, and the residence time was 50 h. As removal fluctuated between 50 and 90% (Fig. 2) ; the same phenomenon had been obtained in the first bioreactor at this value of feed pH. Sulphate concentration in the outlet was very close to sulphate concentration in the feed, suggesting that sulphate reduction was not very active. When glycerol was replaced by H 2 , the sulphate reduction process was stimulated. The simultaneous increase of pH and sulphide concentration inside the bioreactor induced the dissolution of arsenic sulphide, with the production of soluble thio-arsenite compounds. The arsenic concentration in the outlet increased dramatically, reaching 200% of the inlet value. The feed pH and residence time were decreased to pH 2.8 and 32 h. These modifications allowed to restore the As removal process and the As removal rate reached 3 mg.l -1 .h -1 . The CE-SSCP profiles (Fig. 3) show that the shift from glycerol to hydrogen induced an increase of the Desulfosporosinus proportion in the bacterial population, particularly in the top zone. This may be explained by the nature of these two substrates. Glycerol is a liquid substrate, mainly available near the feed injection point, whereas H 2 gas bubbles are rapidly distributed along the column. When we looked for functional genes involved in specific bacterial functions occurring in the process, only one type of dsrAB gene was retrieved from the biofilm sampled from the section corresponding to port S3; its sequence affiliation confirmed that a Desulfosporosinus strain has established. As well, only one arrA gene sequence was recovered; its affiliation to the arrA gene sequence of the strain Desulfosporosinus Y5 known to respire As(V) suggests that the Desulfosporosinus-related strain colonizing the system is also able to respire this compound. Here again, this bacterium was a member of a more complex community where fermentative Clostridia (Clostridium and Sedimentibacter) were also retrieved.
Conclusion
The precipitation of arsenic sulphide (As 2 S 3 ) from acidic effluent in a sulphate-reducing bioreactor is a feasible process. The best removal efficiency was obtained at the lowest feed pH value, i.e. pH 2. However, bacteria were inhibited in these strong acidic conditions. The optimal feed pH should be searched between pH 2 and pH 2.8. As(V) reduction was a limiting step as the removal rate was lower with As(V) than with As(III). Organisms phylogenetically related to Desulfosporosinus actively contributed to the process through sulphate reduction and possibly to As(V) reduction. Dissimilatory As(V) reduction in acidic conditions was not reported up to now.
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